We have studied long-term optical, ultraviolet (UV) and X-ray observations of OJ 287 collected with the UVOT and XRT instruments mounted on board the Swift satellite to quantify spectral and temporal variability patterns observed during different activity states. We characterized the flux variations using the data collected during almost 11 yr of the monitoring of the blazar. Significant variability of the blazar has been detected both in the flux and spectral index from the optical to X-ray regimes. We noted that the variability patterns observed in the optical range are more pronounced than the ones in the X-ray band. There is no clear relation between the optical/UV and X-ray emission, neither during the quiescence state nor during outbursts. The most significant flares in the optical/UV regime were detected in 2015 December-2016 January. The shortest variability time-scale is one day and it is limited by the observation pointing. A low activity state of OJ 287 was observed at the end of 2014, while the beginning of 2015 revealed a flat X-ray spectrum, which has been observed for the first time. On one hand, this can be a spectral upturn where the synchrotron and inverse Compton components meet, but on the other hand, it can be generated by an additional emission component. The spectral studies have not revealed any bluerwhen-brighter or redder-when-brighter chromatism in the colour-magnitude diagram for OJ 287 in any state of the source's activity. A harder-when-brighter behaviour was noticed for OJ 287 only in the case of the X-ray observations.
INTRODUCTION
Blazars, including BL Lacertae (BL Lac) type objects and flat spectrum radio quasars (FSRQs), represent a violent class of active galactic nuclei (AGNs). These are sources whose jets are pointing at a small angle with respect to the observer's line of sight (e.g. Begelman et al. 1984) . Blazars are known to be highly variable with variability observed at different time-scales from minutes to years (e.g. Wagner & Witzel 1995; Aharonian et al. 2007; Gopal-Krishna et al. 2011; Saito et al. 2013; Wierzcholska & Siejkowski 2015a) . The observed emission extends from radio frequencies up to a high and very high energy regime (e.g. Wagner 2009; H.E.S.S. Collaboration 2014; Wierzcholska 2015) . The spectral energy distribution (SED) of blazars, in ν-νFν representation, exhibits a double-humped structure. The first, low-energy bump is usually attributed to the synchrotron emission of relativistic electrons from the jet, while the second is still a matter of debate, and leptonic, hadronic and hybrid scenarios are applied (see e.g. Maraschi et al. 1992; Sikora et al. 1994; Kirk et al. 1998; Mücke et al. 2003; Böttcher et al. 2013 ).
The two classes of blazars: BL Lac objects and FSRQs can be distinguished by different features in optical/UV spectra (Urry & Padovani 1995) . In the case of BL Lac type sources, featureless continuum emission is observed, while spectra of FSRQs are characterized with broad and narrow emission lines. BL Lac type objects can be further subdivided into high-, intermediate-and low-energy-peaked BL Lac type objects (HBL, IBL, LBL, respectively) and this classification is based upon the position of the low-energy peak in the SED (see, e.g., Padovani & Giommi 1995; Fossati et al. 1998 ; Abdo et al. 2010 ). Following Abdo et al. (2010) , for LBL sources the low-energy peak is located in the regime defined as νs 10 14 Hz (infrared range), for IBL ones this regime is 10 14 < νs 10 15 Hz (optical/UV range), while in the case of HBL blazars νs > 10 15 Hz (X-ray range). HBLs-IBLs-LBLs-FSRQs constitute a blazar sequence. This connection of decreasing bolometric luminosities and γ-ray dominance has been proposed and discussed by Fossati et al. (1998) and Ghisellini et al. (1998) and has been updated into blazars envelope by Meyer et al. (2011) . Furthermore, Ghisellini et al. (2011) studied the properties of SEDs and emission lines of a large sample of sources from a one-year all-sky survey by the Fermi satellite and proposed a physical distinction between FSRQs and BL Lac objects based on the luminosity of the broad line region.
OJ 287 (z = 0.306) has become one of the best monitored blazars in the optical regime since its identification in this range by Dickel et al. (1967) . The source is classified as an LBL type object. Deeper studies of the source started in the 1980s and therefore OJ 287 is a perfect candidate for long-term variability studies and searching for periodicities. An almost 12-yr periodicity is observed in the optical monitoring of OJ 287 with two peaks observed during every flaring event (e.g. Valtonen et al. 2006) . Additionally, a 60-yr variability was claimed by Valtonen et al. (2006) . This behaviour is usually explained in terms of the binary black hole model (see e.g. Sillanpaa et al. 1988 Sillanpaa et al. , 1996 . An indication for a shorter periodic behaviour in the optical range was suggested by Sagar et al. (2004) , Wu et al. (2006) , Gupta et al. (2012) , and Valtonen & Wiik (2012) .
Despite many years of observations, OJ 287 has not been well studied in the other energy regimes except for the optical and radio ones. This work presents 12 yr of multifrequency observations of OJ 287 preformed with the XRT and UVOT instruments onboard the Swift space telescope. The paper is organized as follows: Section 2 presents the data analysis details. Section 3 and 4 focus on a characterization of the temporal and spectral variability of OJ 287, respectively. The work is summarized in Section 5.
2 DATA ANALYSIS 2.1 X-ray observations X-ray observations made with the XRT telescope on board the Swift satellite (see Gehrels et al. 2004 for details) in the energy range of 0.3-10 keV were analysed using version 6.19 of the heasoft package. In these studies, all observations made with Swift/XRT in the PC mode from the mission start up to MJD 57552.93053 are considered. The total number of observations analysed is 280. All the data were reprocessed using the standard xrtpipeline procedure 1 . In the case of each observation for the spectral fitting, xspec (v.12.9.0n) was used (Arnaud 1996) . All light-curve points were derived by fitting the power-law model with the value of the Galactic absorption frozen at NH = 2.56 × 10 20 cm −2 taken from Kalberla et al. (2005) . The observations were corrected for the pile-up in the PC mode whenever the count rate was 0.5 or higher.
1 www.swift.ac.uk/analysis/xrt/
Optical and ultraviolet observations
Simultaneously with the XRT instrument, OJ 287 was monitored with Swift/UVOT in the optical/UV band. The optical and UV observations were taken in six bands: UVW2 (188 nm), UVM2 (217 nm), UVW1 (251 nm), U (345 nm), B (439 nm) and V (544 nm). The uvotsource procedure was used in order to calculate the instrumental magnitudes in the aperture with a radius of 5 arcsec. The background area was defined as a circular region with a radius of 5 arcsec located close to the source region and not being contaminated with any signal from the nearby sources. The influence of three different sizes of background was checked and the results obtained were consistent within the uncertainties. All magnitudes were converted into fluxes using the conversion factors provided by Poole et al. (2008) . The data were corrected for dust contamination using the reddening E(B − V ) = 0.0241 from Schlafly & Finkbeiner (2011) and ratios of the extinction to reddening ratios from Giommi et al. (2006) .
TEMPORAL VARIABILITY STUDIES
During the period of 2005-2016, OJ 287 was observed many times with Swift/UVOT and Swift/XRT resulting in 280 pointing observations. The long-term optical, UV and X-ray light curve of the source is presented in Fig. 1 . The upper panel of the plot shows the optical observations performed with Swift/UVOT in the U, B, and V filters; the middle one shows the UV observations made in UVW1, UVM2 and UVW2 filters; and the bottom one shows the X-ray monitoring performed with Swift/XRT in the energy range of 2-10 keV. The energy range chosen allowed us to compare the results obtained in previous works focusing on an X-ray data analysis. For the temporal variability studies, we used the entire set of data as well as nine intervals marked in Fig. 1 with vertical grey areas and letters A-I. Each interval represents a similar flux level and consists of series of consecutive observations. Strong flux changes were observed in the X-ray data as well as in the optical and UV range. A comparison of the flux light curves for the data collected in the X-ray as well as in the optical and UV regimes does not show any clear relation between the different energy ranges. Strong optical/UV outbursts did not have so strong counterparts in the X-ray regime and inversely. The discrete correlation function (DCF, Edelson & Krolik 1988) does not reveal any relation between the optical/UV and X-ray observations (Fig. 2) . In order to obtain the DCF, we used the algorithm implemented by Alexander (1997) .
Let us notice here that OJ 287 is a LBL type blazar and in the case of such a source the optical/UV range corresponds to the first, low-energy bump in the SED, while the high energy one is placed in the X-ray regime. This causes that the changes observed in the optical/UV regime and the X-ray one may be caused by different physical processes responsible for the emission observed. Fig. 3 shows a comparison of the X-ray and optical V band fluxes. The result presented in the plot confirms no relation visible in the light-curve plot (see Fig. 1 ). Pearson's correlation coefficient for this case is C = −0.005, which indicates no clear correlation between these two ranges. The same result, a lack of any clear relation, has been obtained for the comparison of the X-ray band with every optical/UV band. As a first step of a characterization of the UV, optical and X-ray long-term variability of the blazar, the fractional variability amplitude was used. It is defined by Vaughan et al. (2003a) as follows:
where F is the mean flux and S 2 is its variance and err 2 is the mean square error. The errors of the fractional variability amplitude are calculated following the formula by Poutanen et al. (2008) :
where the error in the normalized excess variance σ is calculated following Vaughan et al. (2003b) :
where N indicates the number of data points in the light curve.
In the next step, the doubling/halving time-scale was used in order to characterize the variability of OJ 287. The quantity is defined in two ways (following e.g. Zhang et al. 1999 ):
(i) as the smallest value of the set constituted of (k, m) pairs:
(ii) the mean value of the five smallest items from {τ k,m }.
The flux value at the time of Tj is denoted by Φj, for all pairs of points (k, m) in the light curve. The doubling/halving time-scale for the definition (i) is marked as τ
d . The latter value can be used as a cross check for the τ (i) d . Single minimum value can be generated by chance, and the τ
gives information how small is the minimum compared to the five smallest values (mainly due to irregular sampling). If the τ
then the probability that the minimum is accidental is high.
The variability parameters are collected in Table 1 and 2 for the X-ray and optical/UV observations, respectively. In addition to the fractional variability amplitude and doubling time-scale, the tables present the mean flux value and the reduced χ 2 of the fit with a constant value. All quantities were calculated for all the data collected during the period between 2005 and 2016 and for the nine separate intervals (A-I).
The fractional variability amplitude and χ 2 value confirm significant variability observed in all the energy ranges studied. The most prominent variability for all optical and UV filters is observed for interval A. The fractional variability amplitude for this interval is between 0.44 and 0.49. In the case of the X-ray monitoring, the largest value of Fvar is for the entire set of data. The doubling time-scale values calculated determine the shortest variability time-scale observed in the long-term monitoring of OJ 287 as one day.
SPECTRAL VARIABILITY STUDIES
For the optical/UV observations in order to derive the spectral index of emission in this band, we fitted a power law to the data gathered with Swift/UVOT for each ObsID. We only used observations that have measurements in each filter for a given ObsID (i.e. six data points). The fitting was done with the optimize.curve fit function from the scipy version 0.18.0 package (Jones et al. 2001) , which uses the Levenberg-Marquardt algorithm. Fig. 4 shows the evolution in time of the X-ray and optical/UV spectral indices, while Fig. 5 presents a plot of the X-ray versus optical/UV spectral index. The spectral index in the case of the X-ray observations was obtained with a power-law fit to a single observation.
In the case of the X-ray observations, the spectral index varies between 1.19 and 2.43, while for the optical/UV ones, the range is 2.03-2.89. The plots show significant variability in the spectral index's evolution for all wavebands. The changes observed both in the spectral index's evolution and the correlation plots show a strong anti-correlation between these two quantities. The correlation coefficient for this comparison is C = −0.71 ± 0.04. The uncertainty of Pearson's correlation coefficient was estimated using a Monte Carlo approach following Wierzcholska (2015) .
We also compare the X-ray spectral index with the corresponding flux (see Fig. 6 ). The correlation visible in the plot, characterized with Pearson's correlation coefficient of C = −0.67 ± 0.02, indicates a harder-when-brighter behaviour in the long-term observations. This spectral hardening with the increasing flux is a typical feature of HBL type sources (see e.g. Pian et al. 1998; Zhang et al. 2005) .
We have also noted a lack of correlation between the fluxes observed in the X-ray and optical/UV regimes. This is in agreement with the absence of a harder-when-brighter relation in the flux-index diagram for the optical observations (see Fig. 7 ).
Colour-magnitude diagram
Three colour-magnitude diagrams, namely (B −V ) versus B, (B −U ) versus B, (V −U ) versus V, are presented in Fig. 8 . For each case, the Pearson's correlation coefficients were found to be equal to 0.05, 0.11 and 0.13 for the corre- sponding colour-magnitude diagrams, respectively. The correlation coefficients found suggest that there is no significant bluer-when-brighter or redder-when-brighter trend in the entire set of the observations discussed. Furthermore, the analysis of shorter intervals of observations both in the low and high states also did not show any chromatism observed in the Swift/UVOT observations. Previous works focusing on the colour-magnitude relation in OJ 287 have revealed various types of behaviours. Some hints for a bluer-when-brighter chromatism were reported by Carini et al. (1992) term observations collected in the B and R bands during the period 2007-2012 with the ATOM telescope .
The various behaviour of the optical colour as a function of the magnitude observed of OJ 287 indicates a complex behaviour of the optical emission mechanisms at work in this blazar. An absence of a bluer-when-brighter chromatism can be caused by multiple episodes characterized with different bluer-when-brighter slopes. In such a case, the relation cannot be visible in a large set of observations, but can be detected in shorter periods. Fig. 9 shows the SED for the nine intervals defined in Sect. 3. The parameters of the X-ray spectra are listed in Table 3 . All of the nine cases show that the soft optical/UV spectrum corresponds to the hard X-ray one, and vice versa. Moreover, the following pattern emerges: The harder the optical/UV spectra, the softer the X-ray spectra. We also note that in the case of the H interval, the X-ray spectrum is characterized with a spectral index of about 2.0. We consider two possible scenarios explaining such an evolution of the X-ray spectrum. On one hand, this spectral shape can be caused by the fact that the X-ray regime is a place where two spectral components meet and the flat spectrum is a consequence of an overlap of these spectral components. Petropoulou & Mastichiadis (2015) . In such a case, the synchrotron emission from Bethe-Heitler pairs is expected to appear as a third bump -an additional component with a maximum at tens of keV -in blazar's SED. Its signature can be seen as a lack of a spectral upturn in a broad-band SED.
Optical-UV-X-ray SEDs

SUMMARY
OJ 287 has been observed by astronomers for many years, but most of the observations focused mainly on the optical regime (e.g. Takalo et al. 1994; Pian et al. 1995; Sillanpaa et al. 1996; Pursimo et al. 2000; Valtonen et al. 2016 ). This paper focuses on detailed studies of the spectral and temporal variability from optical to X rays of this famous LBL blazar. The long-term observations made with Swift/UVOT and Swift/XRT during the period of 2005-2016 are discussed. This work can be summarized as follows:
• Significant variability observed in the optical, UV and X-ray ranges has been confirmed in the long-term observations of OJ 287. The description of the blazar's behaviour revealed the strongest flux changes observed in the optical/UV regime during the flare observed in 2015 December and 2016 January. However, in the X-ray regime the simultaneous outburst is not so pronounced. An extraordinary activity of OJ 287 over the entire electromagnetic spectrum during the period mentioned has been reported (see e.g. Carrasco et al. 2015; Ciprini et al. 2015; Shappee et al. 2015; Wierzcholska & Siejkowski 2015b ).
• The shortest variability time-scale observed is one day and this is strongly limited by the pointing of the observations.
• The variability patterns observed in the optical/UV and X-ray ranges are not correlated.
• The long-term optical monitoring of the source has not revealed any clear relation between colour and magnitude. Such a trend has been previously reported but mostly in the case of short-term observations in the high states of the blazar (e.g. Carini et al. 1992; Dai et al. 2011 ).
• A harder-when-brighter behaviour is clearly visible in the case of the X-ray data, but not in the case of the optical/UV band.
• A statistically significant and strong anti-correlation between the optical/UV and X-ray spectral indices has been found.
• In the case of the low state of the blazar observed in 2014-2015 (here interval H), a flat X-ray spectrum has been observed. This feature can be explained as a spectral upturn observed in the X-ray regime or this may be an effect of the influence of an additional spectral component, like the Bethe-Heitler emission, observed in the low state. PLGrid Infrastructure. The plots presented in this paper are rendered using Matplotlib (Hunter 2007) . Table 1 . A characterization of the variability of OJ 287 using the X-ray observations. The following columns show: the instrument/filter, the interval, time period in MJD, the mean flux value given in 10 −11 erg cm −2 s −1 , the reduced chi squares χ 2 red value of the fit to a constant value and the number of degrees of freedom, the fractional variability amplitude, and two values of the doubling/halving time-scale, as defined in Section 3, given in days. The intervals are defined in Section 3, and additionally, we calculate the quantities for the whole data set -marked as interval 'all'. 
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